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• Annual cocoon mortality caused by natural enemies varied between 66% and 80% during the six-year study period, most of it caused by the family Ichneumonidae.
• Basal area, and coverage of lichen (Lichenes) and lingonberry (Vaccinium vitis-idaea L.) best explained cocoon parasitism and predation.
• Combination of suitable stand characteristics, abiotic environmental factors, and incomplete control by natural enemies enabled pest species to extend its gradation phase.
Abstract
We investigated the impact of natural enemies on the cocoon mortality of the common pine sawfly (Diprion pini L.) during a six-year period in eastern Finland. The enemies were classified into parasitoids (insect families Chalcidoidea, Ichneumonidae, and Tachinidae), and predators (birds, small mammals, and insect families Elateridae and Carabidae). The appearance of D. pini was estimated as the intensity of annual defoliation. The impact of stand characteristics on the performance of parasitoids and predators was also investigated. Influence of the natural enemy complex on cocoon mortality of D. pini was nearly stable, but defoliation intensity slowly declined towards the end of the study period. Annual cocoon mortality by natural enemies varied between 66% and 80%. Our results verified that the most significant mortality factors were ichneumonid parasitoids and small mammals. Random Forest classification indicated that stand characteristics, such as basal area, and coverage of lichen (Lichenes) and lingonberry (Vaccinium vitis-idaea L.) affected the performance of parasites and predators. We suggest that a combination of optimal stand characteristics, abiotic environmental factors and mild to moderate control by natural enemies acted as drivers, which drove the pine sawfly population to extended gradation. For future forest health management, detailed information on abiotic and biotic regulating factors, along with long-term monitoring campaigns for conifer sawflies are needed to adapt Fennoscandian forests to altered climatic and silvicultural conditions.
Introduction
Natural enemies are considered effective regulators of insect herbivore populations (Hanski and Parviainen 1985; Sharov 1993; Herz and Heitland 2003) . Density-dependent interactions between a host or prey and its natural enemies are generally complex, and difficult to predict and explain (Turchin et al. 2003; Speight et al. 2008) . The effect of natural enemies on a host or prey species population depends on a multitude of various factors, including life cycle and population density of the host species, forest type, habitat, and season of year (Hanski and Parviainen 1985; Kouki et al. 1998; Herz and Heitland 2003; Kollberg et al. 2014) . Altering climatic conditions can also influence these interactions (Netherer and Schopf 2010) . Response of the natural enemy complex is usually delayed compared to the phase in population density of the host organism (Berryman 1986; Pschorn-Walcher 1987) . Parasitoids are regarded an effective mortality factor of the common pine sawfly (Diprion pini L.) (Hymenoptera: Dipriniodae) cocoons (e.g. De Somviele et al. 2007) . Parasitism is usually most effective at high and intermediate host population densities, and parasitoids are in some cases able to locally adapt their life cycle to that of the host population (Berryman 1986; Kaltz and Shykoff 2002) . Parasitoids may also affect low host population densities (Berryman et al. 1987) . Major D. pini cocoon parasitoids include wasps from the families of Ichneumonidae (Hymenoptera) and Chalcidoidea (Hymenoptera), and flies from the family of Tachinidae (Diptera) (Viitasaari 1982; Geri 1988) . Ichneumonids have been observed to represent the majority of D. pini parasitism (Hertz 1933; Viitasaari 1982; Viitasaari and Varama 1987; Herz and Heitland 2005; De Somviele et al. 2007) .
Predators form another group of enemies that can have a substantial potential in reducing sawfly outbreak intensities (Hanski and Parviainen 1985; Hanski 1990; De Somviele et al. 2007 ). Small mammals (e.g. shrews and voles) and birds (e.g. tits) can have great impact on prey insects at endemic population densities due to their dispersal abilities and learning skills (Holling 1959; Berryman 1986; Berryman et al. 1987; Crawford and Jennings 1989; Barbaro and Battisti 2011) . The impact at epidemic level is usually milder due to their lower reproductive rate (Berryman et al. 1987) . Beetles, such as elaterids (Elateridae) and carabids (Carabidae), also destroy cocoons (Hanski and Parviainen 1985) .
Stand characteristics can have direct or indirect effects on pest insect populations. Stand characteristics, such as basal area, tree age, number of trees per hectare, or fragmentation, may affect parasitism or predation by providing a variety of habitats and microclimatic conditions (Roland 1993; Seehausen et al. 2015) . Sawfly parasitism has been observed to be more effective in pure pine forests than in mixed-species forests (Herz and Heitland 2003) . In more fertile forests, predators may be more effective and parasitoids can suffer from increased predation pressure on cocoons (Herz and Heitland 2003) . Forest floor vegetation may affect predation rate remarkably. Predation is observed to be more effective in forests growing on fertile soils that provide denser forest floor vegetation (Hanski and Parviainen 1985; Hanski 1987; Herz and Heitland 2003) . Small mammals prefer a denser understory, providing shelter (Schehying 1995 as cited by Herz and Heitland 2003; Kollberg et al. 2014) . On the other hand, high lichen coverage indicates poor soil nutrient status (Salemaa et al. 2008) . Such habitat may not provide enough sprigs for shelter. However, Kouki et al. (1998) provide no evidence of this connection between soil fertility and predation rate. Other soil characteristics, such as humus layer depth, may also affect the performance of natural enemies. For example, some parasitoids infest cocoons that are on the surface of the soil more than buried ones (Kolomiets et al. 1972; Herz and Heitland 2003) .
The population density of D. pini has an eruptive gradation pattern (Speight et al. 2008; Geri 1988) . In eruptive population dynamics, the population is in latency phase for several years and then erupts rapidly (Berryman 1986 ). Normally, a peak outbreak density subsides after 2-4 years, and is followed with endemic population levels for several years (Geri 1988) . Currently, D. pini is considered a severe pest of pine forests in Fennoscandia (De Somviele et al. 2007; Kantola et al. 2010) . D. pini is a native species in Finnish forests, mainly occurring in mature, even-aged Scots pine (Pinus sylvestris L.) (Pinaceae) stands growing on dry soils (Geri 1988; De Somviele et al. 2004 Nevalainen et al. 2015) . However, during outbreak densities the species can also spread into sapling stands (De Somviele et al. 2004) . Only small-scale outbreaks of D. pini have been recorded in Finland until the last two decades. A massive D. pini outbreak occurred in Finnish forests during 1997-2001, and the damage covered an area of over 500 000 ha (Lyytikäinen-Saarenmaa and Tomppo 2002; De Somviele et al. 2007 ). Contradiction to the normal gradation pattern of the species with a population collapse in other parts of the damaged area, the population remained at outbreak level in the very eastern part of the country, showing a chronic nature with a slow trend towards a postgradation phase (Kantola et al. 2013) .
The life cycle of D. pini is univoltine in Finland (Geri 1988) . Adults hatch from cocoons between mid-May and late July in several waves (Viitasaari and Varama 1987) . Larvae consume needles of all age classes during late summer (Geri 1988) . Feeding results in a severe decline in tree health and remarkable growth losses (Långström et al. 2001; Lyytikäinen-Saarenmaa et al. 2006) . Severe needle consumption for two or more consecutive years may cause tree mortality (Berryman 1986; Geri 1988) . Individuals spin a cocoon in the litter or humus layer in the end of the summer or the early fall, and the pupae overwinter in the cocoons (Viitasaari and Varama 1987) . In northern latitudes, diapause can be prolonged up to several years (Viitasaari and Varama 1987; Geri 1988) . The cocoon stage is immobile and cannot defend itself. Cocoon mortality factors are thus in a key position in regulating D. pini populations (e.g. Herz and Heitland 2003) .
A large number of studies exist on the population regulation of insect herbivores by natural enemies. However, the study periods have typically only been one (e.g. Herz and Heitland 2005; Kollberg et al. 2014 ) to three years in length (e.g. Crawford and Jennings 1989; Kouki et al. 1998) . A longer study period is needed to reveal the temporal pattern of the relationship between natural enemies and host populations. Our current study focuses on the cocoon mortality of D. pini. Natural enemies also regulate other life stages of D. pini. However, we excluded relationships between the mortality of other life cycle stages and the mortality agents connected with them. Our goal was to investigate long-term population regulation by natural enemies, focusing on the cocoon mortality of D. pini with a gradation and postgradation phase in its population dynamics. Our specific objectives were: i) to unravel the impact that the main predator and parasitoid groups and families exert on the cocoon mortality of D. pini and ii) to investigate connections between stand characteristics and mortality caused by natural enemies.
Materials and methods

Study design and field sampling
Our study site is located in the Palokangas area (62°52´N, 30°56´E), Ilomantsi district ( Fig. 1) , where a D. pini outbreak has occurred since 1999. The annual mean precipitation was 650-700 mm and the annual mean temperature was 2-3 °C in the Ilomantsi region for the period of 1981-2010 (Pirinen et al. 2012) . During the 2000s, the mean temperature of the hottest month was 17.6 °C and of the coldest month -10.7 °C (Mekrijärvi Research Station, Ilomantsi). The mean sum of degreedays was 1216 d.d. (SE ± 40) during (Finnish Meteorological Institute 2015 . The study area is mostly covered by managed Scots pine stands, growing on dry or dryish soils, i.e. Calluna and Vaccinium types (Cajander 1926) , with a thin humus layer. The study area is rather fragmented and heterogeneous in terms of stand age and size, and forest management practices (Solberg et al. 2011; Olsson et al. 2016) (Fig. 1) . Eleven circular sampling plots, with radii varying from 8.5 m to 13 m, were established in May 2002 (Table 1 ) inside a study area covering 34.5 square kilometers. The plots were delineated so that ca. 20 mature pine trees were growing on each plot. The center of each sample plot was located with a Trimble Pro XH GPS device (Trimble Navigation Ltd., Sunnyvale, CA, USA). All individual trees were located by measuring distances and azimuths to the plot centers. Tree-wise measurements were conducted during the springs of 2002 and 2010. Diameter-at-breast-height (dbh) of all tally trees was measured. A sample of eight trees per plot covering various diameter classes was taken to estimate mean height and age.
Cocoon sampling was carried out annually before the hatching of D. pini in May 2005-2010, thus the samples represented the situation of the previous year. Cocoon samples were collected at each plot from the litter and humus layer of every fifth tree (using consecutive numbering) and using a 0.5 m × 0.5 m frame. These four frame positions combined to annually form a 1 m 2 area per plot. The frame was placed 0.5 m from a tree stem, facing towards the plot center. During the following study years, each frame was moved clockwise to the tally tree next in consecutive order, to obtain inclusive samples and avoid overlapping sampling squares. We assumed that predators took an even number of cocoons to and from our study plots, and the effect of transferred cocoons was evened out in our study plots. Samples were kept at room temperature to count the number of hatched individuals.
Cocoons were classified into groups of different mortality factors by identifying the signs made by parasitoids and predators according to Hertz (1933) , and Viitasaari and Varama (1987) . The applied mortality factors were the insect families Ichneumonidae, Tachinidae, and Chalcidoidea (parasitism) and birds, small mammals, and the insect families Elateridae and Carabidae (predation) (Fig. 2) . We also defined a number of diapausing individuals, old hatched, and current hatched cocoons. Potential dead individuals could not be separated from diapausing ones. We 
Other ( combined the current hatched and diapausing individuals, and from now on refer to the group as 'potential pests' due to their ability to affect defoliation intensity via their offspring. The families Elateridae and Carabidae were combined due to the small number of cocoons destroyed by them. The number of cocoons in each class was transformed into relative proportions (percentage of the total number of cocoons sampled annually, from now on called 'proportion'), because the timing of cocoon formation is difficult to determine due to extended durability of cocoon structure. Some cumulative effect may occur during outbreak years. For this reason, it is justifiable to use relative proportions. Tree-wise defoliation assessment was visually carried out annually in 2002-2010 (excluding 2003, with no data) during May and early June, before the elongation of current needles. Each assessment represented the defoliation status of the previous fall. The defoliation status of each tree was compared to an imaginary healthy tree with full foliage growing on a similar site type, according to Eichhorn (1998) , with a precision of 10%. Defoliation intensity was assessed from the upper two thirds of each crown. Trees from the suppressed canopy layer were excluded from the analyses due to other stress factors.
Forest floor vegetation coverage was visually estimated on each plot in 2010 (Table 1 ). The assessment was done within a 1 m × 1 m frame with a precision of 5% at the center of each sampling plot, and 5.3 m from the center towards each cardinal direction. The coverages (%) of moss (Bryobionta), lichen (Lichenes), blueberry (Vaccinium myrthillus L.), lingonberry (Vaccinium vitis-idaea L.) heather (Calluna vulgaris L.), and other minor plant species were estimated. Depth of the humus layer was measured with a precision of 0.1 cm simultaneously within each frame. 
Statistical testing and nearest neighbor estimation
We employed a non-parametric Friedman test (Friedman 1937) for repeated measurements to find differences between years for each of the cocoon groups separately. The same test was applied to define differences in the mean defoliation intensity between the years and between the sampling plots. Friedman test can be applied when data are small (< 30 sample) and meet neither the normality nor the homogeneity of variances. The significant differences were pinpointed with the Nemenyi post hoc test (Nemenyi 1963 as cited by Demšar 2006) .
We applied Wilcoxon Signed-Rank test to find differences between the groups of parasitoids and predators (plot-wise mean proportions). Wilcoxon Signed-Rank test is a non-parametric test for repeated measurements to observe whether two data populations are identical or not. The test can be used when the assumption of normality cannot be met (Sokal and Rohlf 1995) . For the aforementioned tests, p-values less than 0.05 were considered statistically significant. We used Bonferroni correction in the post hoc tests. Bonferroni correction is valid when testing multiple comparisons. Finally, we computed correlations between different variables applying Spearman's correlation coefficient.
Due to the small sample size, common modeling approaches do not produce reliable estimates for estimating the effect of parasitism or predation. However, we aimed to investigate the relationships between parasitism or predation, stand characteristics, and defoliation intensity. We employed a non-parametric Random Forest (RF) algorithm (Breiman 2001) , which applies a nearest neighbor (NN) search, in investigating the importance of various variables for explaining plot-wise parasitism and predation levels in 2010. RF is therefore also suitable for variable selection in addition to classification (Cutler et al. 2007 ). For more details of the method see, e.g. Falkowski et al. (2010) and Crookston and Finley (2012) . We classified the plots using 10% intervals as a threshold of parasitism and predation, with three and five classes, respectively. Environmental characteristics from 2010 were used as predictors. The number of regression trees was set as 2000, meaning that the estimation was repeated 2000 times to obtain a more robust result. Parameter k was set (numbers of NNs) as three. Bias is smallest with a k value of one, but good results have been obtained with k values between two and seven (e.g. Kantola et al. 2013) . We employed R statistical computing environment (The R Project 2014) in all the analyses. The R yaImpute library (Crookston and Finley 2012) was applied in the RF search and PMCMR library in the Nemenyi post hoc test.
Results
Effect of the natural enemy complex on cocoon mortality
During the six-year study period, a total of 5843 D. pini cocoons were sampled. The proportion of potential pests varied significantly between the years (P = 0.05) ( Table 2) . Years 2005 and 2010 significantly differed from the other years (P = 0.005). The peak proportion of potential pests during the study period occurred in 2005 (23.5%, ±SE 2.11) (Fig. 2) . The combined proportion of the natural enemy complex varied between years (P = 0.003), and the maximum was met in 2010 (79.9%, ±SE 1.76) (Fig. 3) . Years 2005 and 2010 were significantly different (P = 0.014). Both the mean proportion of cocoon parasitism and predation varied between years (P = 0.000 and P = 0.000, respectively). The mean number of small mammals was 19.6 (±SE 2.7) during the study period. Maximum and minimum numbers were met in 2006 (28.7%) and 2008 (11.6%), respectively (Fig. 2) . After Bonferroni correction, statistically significant differences could not be found between the years. The mean predation rate by birds was 14.7% (±SE 3.0) (minimum of 2.8% in 2005 and maximum of 25.0% in 2006). The proportion of bird-induced cocoon mortality varied between 2005 and 2006 (P = 0.000), and 2005 and 2010 (P = 0.003). The mean proportions of cocoon mortality caused by the families Elateridae and Carabidae were low (mean of 2% ±SE 0.7), and alterations in the proportions between the years cannot be specified after Bonferroni correction ( Table 2) .
The proportion of potential pests and the mean defoliation intensity of the sampling plots correlated significantly in 2005 (0.87, P = 0.000) and 2010 (0.8, P = 0.003). No significant correlations were found in 2006-2009. 
Relationship of natural enemies and stand characteristics
The mean annual defoliation intensity of all the sampling plots decreased along the study period from 37% (±SE 4.6) (2002) to 23% (±SE 7.2) (2010). The differences between the years in plotwise defoliation intensities were statistically significant (P = 0.000). Years 2002 and 2005 were both statistically different from 2009 (P = 0.031 and P = 0.036, respectively) and 2010 (P = 0.031 and P = 0.036, respectively) (Fig. 4) . The sampling plots were chosen so as to include plots that exhibited varying mean defoliation intensities already in 2002. Accordingly, the differences in plotwise defoliation were statistically significant (P = 0.000) (Fig. 4) . Within the four sampling plots in an initial outbreak area, the most severe plot-wise defoliation was assessed in 2005 (66-99%). Within the remaining seven sampling plots, the highest defoliation level was assessed at the beginning of the study period, in 2002 (14-47%). Defoliation intensity was less than 10% on most of the plots (n = 7) in 2010. Various Random Forest searches were run to find the best predictors for cocoon mortality (Fig. 5) . The best variables explaining cocoon parasitism were basal area (m 2 ha -1 ), and lichen and lingonberry coverages in 2010. With these predictors we gained an accuracy of 82% with a Kappa value of 0.694 (P = 0.002). The most important features in the RF classification for the proportion of cocoon predators were basal area (m 2 ha -1 ), plot-wise defoliation, and lichen coverage in 2010. The accuracy of this classification was 82% with a Kappa value of 0.741 (P = 0.000). The proportion of predated cocoons correlated negatively with mean defoliation intensity (-0.730, P = 0.011) and lingonberry coverage (-0.740, P = 0.010) ( Table 3) .
Discussion
Evaluating the impact of the natural enemy complex
We found that cocoon mortality remained at a high level during the entire study period. The effect of the natural enemy complex was nearly stable during the six-year study period. Overall cocoon mortality increased approximately 20% during our six study years, but only 2005 and 2010 were significantly different. Kolomiets et al. (1972) concluded that the natural enemy complex destroyed 21.6% of the cocoons of the European pine sawfly (Neodiprion sertifer Geoffr.) during the first year of outbreak. De Somviele et al. (2007) found an overall cocoon mortality of 40.4% by the natural enemy complex in maturing and mature stands in the same Palokangas area in 2001, two years after the launch of the initial outbreak. After four years, we observed approximately 63% higher overall cocoon mortality (65.7%) (Fig. 3) . The impact of natural enemies may intensify more rapidly at the beginning of the gradation phase. In this functional response, the rate of natural enemies first accelerates and then slows down gradually, and natural enemies become satiated (Berryman 1986 ). The rate of natural enemies in Palokangas may currently be satiated. Our results are not completely comparable with the study by De Somviele et al. (2007) , as they measured more variation in forest structure and forest site types due to a wider study area.
The outbreak was initiated in 1999 and the population densities of D. pini were already high for several years before our first cocoon sampling in 2005 (see De Somviele et al. 2004 Somviele et al. , 2007 . According to Viitasaari and Varama (1987) , an outbreak of D. pini typically continues for two to four years in Finland. In 2010, the population density of D. pini within our study area had remained high for over a decade, which is a very untypical pattern for an eruptive forest pest.
The natural enemy complex is regarded as an effective regulating factor of pest insect populations (Cornell et al. 1998; Alalouni et al. 2013) . Several studies have been conducted to underline the impact of cocoon parasitism and predation on pine sawfly populations (e.g. Olofsson 1986; Herz and Heitland 2003) . However, according to our knowledge, neither the long-term impacts of cocoon parasitism and predation on eruptive D. pini populations have been studied, nor the connection between stand characteristics and performance of natural enemies. Our study quantifies the performance of parasitoids and predators as mortality agents of cocoons during a six-year period documenting the prolonged gradation and postgradation phase of a D. pini population.
Impact of parasitism
We observed a relatively high rate of cocoon parasitism. Herz and Heitland (2003) found D. pini parasitism to remain under 24% at endemic population densities in a Central European pure pine forest. Observations by De Somviele et al. (2007) on parasitism at the initial phase of the D. pini outbreak were in line with those of Herz and Heitland (2003) . We observed slightly increasing rates of cocoon parasitism. The different outbreak stage may explain the variation in these results. Parasitoid populations can grow and reach their peak population density in the case of an extended outbreak period (Berryman 1986; Pschorn-Walcher 1987) . The rate of cocoon parasitism appears to depend on the parasitoid complex and its ability to synchronize population dynamics with the host, along with environmental factors such as stand characteristics (Kidd and Jervis 1997; Turchin et al. 2003) . According to Geri (1988) , the population density of D. pini should decrease after three generations of outbreak densities due to the delayed density-dependent suppressing effect of parasitism. Our results seem to support this finding with a delayed pattern. The rate of cocoon parasitism by Ichneumonidae fluctuated slightly, but the family was one of the most effective mortality factors. A similar phenomenon has been observed in other studies as well (Viitasaari and Varama 1987; Herz and Heitland 2005; De Somviele et al. 2007 ). In 2005, Ichneumonidae species represented over half of the cocoon parasitism, and the rate increased after 2006. The families of Chalcidoidea and Tachinidae had a milder and more stable effect on cocoon mortality compared to Ichneumonidae. This is in accordance with the results by De Somviele et al. (2007) . Cocoon mortality by Tachinid flies represented the lowest proportions among parasitoids. Dahlsten (1967) observed a similar pattern in the cocoon parasitism of a sawfly Neodiprion fulviceps (Cresson). Tachinids are more abundant parasitoids of other life cycle stages of conifer sawflies (Knerer 1993) . The composition of the parasitoid complex can alter during the gradation phases (Eveleigh et al. 2007; Alalouni et al. 2013 ), but it was not possible to confirm this in Palokangas due to prolonged gradation of the host species.
Impact of predation
Cocoon mortality of D. pini by predators does not normally reach the rate of parasitism in a pure pine forest according to Herz and Heitland (2003) , due to a shortage in alternative food resources and shelter. In our study, cocoon predation and parasitism reached approximately similar levels. This may be due to the prolonged gradation phase. Hanski and Parviainen (1985) observed a much higher predation rate in forests with varying dominant tree species in a cocoon planting study of N. sertifer. This difference may result from a variation in understory vegetation composition and forest site types. D. pini has been observed to suffer from higher cocoon predation than N. sertifer because of their over-wintering cocoons and the absence of alternative food resources available for small mammals during fall and winter (Kouki et al. 1998) .
Small mammals and birds were the most effective predators in our study. The impact of small mammals can vary, e.g. due to the phase of a vole population cycle. In addition to voles, mice and shrews typically feed on D. pini cocoons. In other studies, sawfly cocoon predation by small mammals in pure pine forests have exceeded 12.6% at the beginning of the gradation phase (De Somviele et al. 2007 ), 48.9% at gradation peak (Obrtel et al. 1978) , and 30.0% at postgradation phase (Hanski and Parviainen 1985) . In the Palokangas area, the peak in cocoon predation during our study period was observed in 2006. Based on our defoliation assessments and field observations, the host population's peak density occurred in 2005, leading to the cocoon predation peak due to increased food resources for the offspring of predators.
De Somviele et al. (2007) observed a mean bird predation of 2.9% at the beginning of the gradation phase in their entire study area. Predation by birds did not increase until 2005, but in 2006, it was highest during the entire study. In our study, the pattern of cocoon predation by birds fluctuated significantly over time, and was higher than in study by De Somviele et al. (2007) nearly every year. Birds are accustomed to returning to the same breeding habitats with available food resources (Morris et al. 1958) . Birds present in the area may have experienced increased reproductive rates due to the high sawfly density (see Buckner and Turnock 1965) . Thus, the notable change between 2005 and 2006 may be due to the high population density of D. pini in 2005. At the same time, the proportion of parasitized cocoons was low. This may indicate that predators feed on parasitized cocoons as well, and thus the influence of cocoon predation or parasitism is not explicit. For example, Kolomiets et al. (1972) indicated that mice did not choose healthy or infested cocoons over the other alternative.
Small mammals remove cocoons from litter and cache them elsewhere (Kouki et al. 1998; Kollberg et al. 2014) . However, we assumed that the same amount of cocoons was transferred from and to the study plots. The number of transferred cocoons can be substantial (Hanski and Parviainen 1985; Kouki et al. 1998; Herz and Heitland 2003) , but this feeding habit cannot be estimated with our study design. In addition, in the studies of Hanski and Parviainen (1985) and Kouki et al. (1998) , cocoons were placed artificially above the litter, without a protection from predators. According to Kolomiets et al. (1979) , larvae spin cocoons normally in the ground between the litter and mineral soil. Our personal observation was the same, and only few cocoons were found above the litter.
We investigated the impact of natural enemies in the most natural circumstances for D. pini to pupate into the litter and soil. Therefore, all experimental planting and marking of cocoons (cf. Kouki et al. 1998) , as well as some plastic underlays or gauze were avoided. Cocoons may remain in diapause, or stay in ground as empty cocoons after parasitism or predation for many years. This may have caused some cumulative effect of the cocoons in our study plots. We minimized this effect by using relative proportions, not densities or absolute number of cocoons. Moreover, assumed balanced input and output of predated cocoons in the study plots may have led some uncertainties to the results. To our knowledge, this problem has not been solved, nor how long time cocoons stay in detritus till decomposition. These methodological sampling problems and uncertainties should be avoided in the future studies.
Effect on defoliation intensity
The mean defoliation intensity of the sampling plots decreased during the study period, indicating that the plots were experiencing the postgradation phase during most of the study period. On four plots, at the focal point of the initial outbreak, the mean defoliation level remained high, with a slightly decreasing trend throughout the entire period. Most of the trees on these plots still suffered from considerable defoliation during spring 2016 (MSc. (For) Minna Blomqvist, University of Helsinki, pers. comm. in 2016) . This may be due to a weaker controlling effect by the natural enemies within the subarea. The trees on these stands may initially have suffered from too severe defoliation to complete their recovery process. After an outbreak, the recovery of Scots pine until healthy status may take more than a decade (Lyytikäinen-Saarenmaa et al. 2006) , adding to growth and economic losses. Major annual clear-cutting and thinning operations have also been conducted within the study area, due to the D. pini calamity. Forest cutting operations and site preparation may increase the risk of adjacent Scots pine stands being infested by D. pini (Berryman 1986; De Somviele et al. 2007 ), thus prolonging the gradation.
The relationships between stand characteristics and natural enemies
Tree and stand characteristics can affect host insect populations and their natural enemies via habitat suitability. The abundance of natural enemies is associated with vegetation complexity at the habitat (Langellotto and Denno 2004) . We gained a high overall classification accuracy using plot-wise basal area, and lichen and lingonberry coverages as predictors for cocoon parasitism with the RF search. Basal area and stem density affect microclimatic conditions. Parasitoids' sensitivity to temperature and humidity (Hance et al. 2007 ) could be a key issue affecting their occurrence. Seehausen et al. (2015) observed that heavy thinning operations significantly reduced larval parasitism of the hemlock looper (Lambdina fiscellaria (Guenée)).
Stands with higher vegetation diversity may offer a more suitable habitat for parasitoid species. The lack of nectar or pollen at lower fertility stands, which can be used to complete the diet, may diminish the number of parasitoids (Langellotto and Denno 2004) . Various plant species growing on the forest floor indicate the nutrient status and hydrology of a site (Salemaa et al. 2008) . For example, high lichen and lingonberry coverages indicate lower soil fertility and decreased diversity of forest floor vegetation.
The best predictors of cocoon predation, i.e. basal area, defoliation intensity, and lichen coverage, have an influence on microhabitats that are considered to contribute to predators' living requirements and behavior (Kollberg et al. 2014) . Schehying (1995, as cited by Herz and Heitland 2003) found that tree density correlated with the cocoon predation of D. pini. In contrast, Grushecky et al. (1998) did not find a connection between pupal predation of the gypsy moth (Lymantria dispar L.) and basal area. A strong negative correlation between cocoon predation rate and the mean defoliation intensity indicates a more powerful impact of predation on stands experiencing milder defoliation intensity. According to Schehying (1995, as cited by Herz and Heitland 2003) , cocoon predation is related to understory vegetation. The population density of small mammals has been observed to be generally higher in forests growing on nutrient-rich soils with dense understory vegetation, providing shelter (Hanski and Parviainen 1985; Herz and Heitland 2003) . For example, the impact of predation may weaken, and the density of predators decreases with increasing lingonberry coverage. Forest site types dominated by lingonberry, such as the Palokangas area, may not be optimal environments for small mammals. However, Kouki et al. (1998) assumed that the effect of predation depends more on the life cycle of prey species and season than on forest fertility or stand characteristics.
Effects of natural enemies -synthesis
Despite natural enemy complexes potentially having strong impacts, populations of D. pini are never entirely controlled by them. At an epidemic level of a pest population, natural enemies alone cannot intercept the outbreak, because abiotic factors and habitat-induced variation in the feeding preference and behavior of natural enemies may play a crucial role (Kollberg et al. 2014) . Populations of eruptive forest pests may remain at endemic densities over longer periods, but explode into epidemic densities if environmental density-independent factors, such as weather anomalies, favor a high population growth rate (Berryman et al. 1987 ). According to De Somviele et al. (2007) , this appeared to be the case with D. pini in Finland during the 2000s.
Climate change -driven extreme weather events and increased annual temperatures may improve the prevailing conditions for a variety of forest pests (Dale et al. 2001; Cornelissen 2011) . Distributions of forest pests have shifted towards the north during the last decades (Dale et al. 2001; Klapwijk et al. 2012) . Until recent years, N. sertifer has been considered the only pine sawfly to cause large-scale outbreaks in Fennoscandia (Christiansen 1970; Larsson and Tenow 1984; De Somviele et al. 2004 ). Now, D. pini has become a similar threat.
The annual mean temperature has risen by approximately 2 °C since the mid-1800s in Finland (Mikkonen et al. 2013) . Haynes et al. (2014) proposed that an increase of 1 °C in the mean temperature of the summer months increases the outbreak probability of D. pini by over 40%. This is mainly due to the probability of increasing bivoltinism with longer and warmer summers (Sharov 1993; Haynes 2014 ). This is not yet the case in Finland. In addition, the influence of natural enemies of pine sawfly cocoons can be lower at extreme temperatures due to changes in their metabolism (Gray 2008; Kollberg et al. 2014) . Kollberg et al. (2014) indicated that predators eat less N. sertifer pupae at 20 °C than at 15 °C. Thus, in warmer temperatures, pine sawfly population may experience higher survival (Kollberg et al. 2014 ). However, the activity of natural enemies can also be increased due to elevated temperature (Klapwijk et al. 2012) . These prey-predator and host-parasitoid systems are complex and not easily revealed (Turchin et al. 2003; Klapwijk et al. 2012) . Thus, the impact of climatic anomalies on metabolism and performance of natural enemies and pine sawflies may differ, and the mechanisms of how weather affects the outbreak, are not easy to comprehend (Kollberg et al. 2014) .
We assume that higher annual mean temperatures in the early 2000s (see Kersalo and Pirinen 2009 ), annual forest management operations leading to decreased stand size (Solberg et al. 2011; Olsson et al. 2016 ) and shifts in microclimate in the Palokangas area, may have had a substantial impact on the D. pini population density. Population eruption launched at the focal point of the local outbreak, and then spread according to a patchy pattern over wide areas in the Ilomantsi district. As Berryman et al. (1987) proposed, peak sawfly densities remained to oscillate around a high-density equilibrium for years, due to harsh and fragmented forest sites and mild to moderate control by their natural enemies in the Palokangas area. We assume that at some subareas, stand characteristics, such as forest floor vegetation, promoted population regulation by the natural enemies even more directly. We suggest that the effect of forest management and anomalies in the climate may have had an altering impact on conditions, predisposing the population growth rate of D. pini to an extended gradation phase in the Palokangas area. Fluctuation of population densities of hosts and natural enemies is dynamic and may vary over time. Thus, even longer study periods in unaffected forest stands are needed to draw clear conclusions.
Conclusions
We found that during six years of high D. pini population density, the influence of natural enemies on the cocoon stage was nearly stable. Stand characteristics, especially basal area and lichen coverage, had an impact on the performance of natural enemies, thus affecting cocoon mortality. In addition, the combined effect of forest managements and susceptible climatic conditions may have affected the prolonged outbreak.
More detailed information on different biotic and abiotic regulating factors and well-planned, long-term monitoring campaigns for conifer sawflies within controlled environmental conditions are needed for efficient forest health management. Modeled climatic conditions on pine sawfly distribution and likelihood of forest damage, impact of environmental drivers, and fulfillment of tri-trophic interactions under altered conditions must be taken into account when planning adaptation to future forest risks and forest health management practices in Fennoscandian boreal forests.
